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Introduction
The application of capillary electrophoresis (CE) has increasingly expanded into the area of ionic analyses in biological samples, especially biofluids, as was recently overviewed [1] [2] [3] [4] . As one may gather from these comprehensive review works, a variety of physiologically significant small ionic compounds, including inorganic and organic ions, amines, and amino acids, can be routinely determined by CE in serum, urine, and other relevant biological fluids. This is due to the technique's inherent capability of multicomponent analysis. Other related advantages of CE over usual clinical methods in conducting biofluid assays comprise simplicity and cost-efficiency, high tolerance to complex matrices, short analysis times, and small sample requirements. The latter benefit becomes particularly important when the biosample amount is restricted, as is for instance the case of dermatitis that can be caused by the release of nickel [15] or chromium ions [16] through sweat on skin from steel and other metal-containing products (leather, ceramics, etc.). When dissolved in sweat, toxic metal ions can permeate the skin and trigger different malignances [17] . Both these health issues posed by metals require an advanced control of exposure at workplaces for a number of occupational groups. In this regard, it is important to understand that whatever is the route of potentially toxic elements into the body, it will be accompanied by their appearance in sweat. For healthy individuals, the ionic composition of sweat measured by in vitro techniques can indicate the proper functioning of metabolism (with sweat the sweat glands excrete from the organism the products of protein metabolism, including some amino acids, amines, and ammonium) and -during physical exercisetraining possibilities. Likewise, quantifying the ion concentrations in sweat is an effective way of elucidating the exact ionic mechanism of sweat secretion.
As mentioned above, only few references dealing with sweat ion analysis by CE could be traced in the literature. Specifically, a CE method for direct measurement of the pyruvate concentration in human sweat was reported by Jin et al. [8] who used amperometric detection to enable the selective determination of pyruvate. Van Lierde and co-workers applied a powerful CE-inductively coupled plasma-sector field-mass spectrometry technique to follow chemical transformations of chromium species brought into contact with sweat [9] and to assess their ability to permeate through the skin [10] . However, since the simulated sweat was used in these assays, sampling was not of any concern. In a paper of Tsuda's group [11] closely related to the subject of our study, a simple sampling method was developed which allowed quantification of ammonium, alkali, and alkaline-earth cations from submicroliter volumes of human insensible perspiration (i.e., perspiration that evaporates before it is perceived as moisture on the skin).
In this work, the proposed CE methodology [11] has been the matter of additional development in order to measure a wider array of ionic analytes occurring in sweat. The method was first set up for monitoring relatively abundant sweat analytes, common inorganic cations and amino acids, and next extended to the assessment of minor components -zinc and non-endogenous amines. The suitability of this advanced CE procedure (in terms of the electrolyte composition, separation, detection, and accuracy) was defined with the objective of customized application. Continuing a series of authors' contributions in the area of highsalinity biofluid ion analysis [11, [18] [19] [20] , the results of this article confirm the potential of CE as a reliable technique for routine biomedical research.
Experimental

Instrumentation
The CE experiments were carried out with a CAPI-3300 CE instrument (Otsuka Electronics, Osaka, Japan) equipped with a photodiode-array UV detector and a power supply able to deliver up to 30 kV. Data acquisition and the instrument operation were controlled with the supplier software. The system was thermostated at 25 °C. Samples were introduced by a hydrostatic injection (elevating the sample vial 25 mm for 95 s) or a hydrodynamic injection under 50 kPa pressure for 3 s (injection volume ca. 20 and 130 nL, respectively).
The separation voltage applied was 30 kV (under such operating conditions a current of ca. 7 μA was typically measured). Indirect UV detection was achieved at 214 nm. 
Chemicals and solutions
All reagents (metal chloride salts, L-ornitine monohydrochloride, L-lysine, L-arginine, diethatanolamine (DEA), triethanolamine (TEA), 4-methylbenzylamine, citric acid, 18-crown-6, α-hydroxyisobutyric acid (HIBA), methanol) were purchased in analytical-grade form from Katayama Chemicals (Osaka, Japan), except L-histidine and 2-ethyl-n-butyric acid from Sigma-Aldrich (Tokyo, Japan) and Tokyo Kasei (Japan), respectively. The water used throughout was produced by a Milli-Q Gradient A10 water-purification system (Nihon 
Sample collection and handling
Perspiration experiments were performed using a Suzuken Perspiro 201 apparatus (Nagoya, Japan). By applying the sensor of the apparatus to the finger, the dry air (a constant flow) brought the sweat in contact with the humidity sensor (of a capacitor type) and the temperature sensor. From the values of the flow rate and the humidity corrected by temperature, one could continuously monitor the absolute amount of water. Before sampling, both hands were cleaned by washing with a detergent (the hand soap) and then rinsed under cold running water. Both forefingers were additionally washed in three steps using warm water (ca. 40 °C), a 1% ethanol solution, and ultra-pure water (for 1 min each) and finally dried with the paper wipe. The right-hand forefinger was applied to the probe of the apparatus, and the amount of perspiration from the fingertip was continuously monitored (see above).
After the amount of perspiration became stable, the left-hand forefinger was washed again with ultra pure water (ca. 10 s) and wiped. A standard 0.6 mL polypropylene sample vial containing 50 μL ultra-pure water was placed between the forefinger and the thumb, and the vial was turned over so that the water came into contact with the surface of the forefinger. The sweat perspiring into the vial was collected for 3 min, and the resultant sample was stored at -20 °C until further use. Before CE analysis, the frozen samples were allowed to thaw at room temperature. The sampling from the forearm was performed in a similar manner with the help of an assistant (the sampling from forefinger can be done by a tester).
Results and discussion
Development of the CE separation method
The initial consideration in devising a CE electrolyte system was that the composition of sweat is similar to that of plasma except that sweat does not contain appreciable amounts of proteins. In our recent related account [19] , the serum samples were subjected to ultrafiltration to remove proteinaceous material prior to CE analysis. Therefore, the fact that sweat resembles a filtrate of plasma gave us rise to expect that a similar complexing electrolyte can be utilized for the separation of cationic constituents of sweat. However, when applied to sweat analysis, the CE system based on using citric acid as a weak complexing agent allowed only a part of target analytes to be resolved from the sweat matrix ( Fig. 1 ; the concentration of citric acid was reduced from 4.5 mM [19] to 3.5 mM to avoid the overlapping of Mg and DEA peaks). For selecting the most suitable electrolyte, special compositional adjustments were therefore required.
In creating conditions for a successful separation of ammonium and potassium cations,
18-crown-6 was first introduced at a 2 mM concentration [11] . Next, it was decided not to add methanol to the electrolyte and to change from citric acid to HIBA which is known to be one of the most efficient ligands for enhancing the CE separation of different group metals [21] .
After testing carrier electrolytes containing variable concentrations of HIBA (5-8 mM), the one of 6.5 mM HIBA that afforded the best resolution of metal ions was chosen. Finally, the pH of the electrolyte solution was fine-tuned to furnish the separation of amino acids (pH 4.25). The simulated sweat was employed for an appropriate evaluation of the analysis performance (separation and sensitivity) using this electrolyte. Typical electropherograms are shown in Fig. 2 . As can be seen in Fig. 2a , some analytes of interest, such as zinc(II) and TEA, could still not be detected in the hydrostatically introduced sample because of their normally low abundance in sweat. On the other hand, the use large-volume hydrodynamic injection resulted in emerging all the minor analytes as well-resolved, fairly symmetrical (though small) peaks (observe a close-up view of Fig. 2b) . However, the gain in detectability took place at the expense of peak resolution and efficiency for alkali and alkaline-earth cations.
Note that such a loss of system performance was not an obstacle for quantitative measurements described in the following section, as the major and minor analytes could be determined separately from the same but differently injected sample (see Table 1 ). Another important remark is that in the CE system developed isotachophoretic sample-induced preconcentration effect [4] can be expected (at least for zinc ion) because of a large surplus of Na + in he neighboring zone (Fig. 2) .
The above optimization results enabled the 10 mM 4-methylbenzylamine, 6.5 mM HIBA, and 2 mM 18-crown-6 (pH 4.25) electrolyte to be selected for carrying out the CE determination of target analytes in sweat using both injection modes.
Method validation
Real samples collected as described in Section 2.3 were used to assess the method's practicality regarding sweat analysis. Precision tests based on five consecutive injections of the same sample repeated for three days were performed ( Table 1 ). The average results of the repeatability (expressed as percentage of relative standard deviation, RSD) for migration times and peak areas were 1.0-1.2 and 3.4-4.6%, respectively. The values of the reproducibility testing, which do not exceed 1.9 and 8.2% RSD for migration times and peak areas, respectively, show a satisfactory long-term stability of the method.
The external calibration technique using six concentration levels of each analyte shown in Table 1 was used for evaluating the linearity of the method. A linear least-squares regression was performed for the peak area vs. concentration data, leading to calibration curves statistically significant (at the 99% confidence level) within the concentration ranges reported in Table 1 . Correlation coefficients (R) were all 0.99 or better. Also demonstrated in Table 1 are limits of detection determined as a signal-to-noise of 3. Note that in view of that the samples under examination typically encounter fairly dissimilar concentration levels of cationic analytes, these 3s estimates were calculated using different injection modes. In this context, an optimization of detection limits for most of common inorganic cations was not necessary due to their comparatively high concentrations present in sweat.
Application to sweat analysis
The CE method developed in this work was applied to the analysis of sweat samples (Table 2) , it is evident that for finger samples the measured cationic components are significantly different in concentration levels (i.e., for more than two orders of magnitude), sodium and potassium, followed by ammonium, being the major components.
Calcium, magnesium, and most amino acids occur in the finger sweat at micromolar concentrations, whereas other analytes can be classified as microconstituents. Rather different cationic profiles, also varying from person to person, were monitored for samples taken from the forearm. For the majority of ionic species, sweat perspired from the forearm is less concentrated than forefinger samples. Another interesting observation is that among amino acids detected, the concentration of ornithine was the highest in sweat from fingers but arginine was the most abundant amino acid in the forearm sweat; this may be related to a higher sensing activity of the finger surface than that of forearms. It should also be noted that DEA and TEA are not protein metabolites but originated from cosmetic lotions.
Since the certified reference materials for sweat analysis are currently unavailable for comparative purposes, accuracy was evaluated by a comparison between the concentrations calculated with the calibration curves and normal clinical concentration ranges for sweat [11] and blood plasma [22, 23] 
Conclusions
